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Optically active trans-2,3-divinyloxirane was pre- 
pared and the kinetics of its racemization has been 
studied. The comparison of the rate for racemization 
and the rate for the geometrical (¢cts-to-trans) isomer- 
ization, indicates that the former is more than 993% 
an electrocyclic process. 

During the racemization of trans-2,3-divinyloxirane 
the formation of an optically active 2-vinyl-2,3-dihydro- 
furan has been observed. The study of their absolute 
configurations was carried out, by relating both 
compounds to R=-(-)-3-hexanol, and showed that this 
1,3-sigmatropic shift takes place with the inversion of 
configuration at the migrating centre. The process was 


classified as a we + BS electrocyvclic reaction. 
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A. Thermal isomerization of cyclopropane. 

A great deal of work has been done on the thermal 
isomerization of cyclopropane (1) to obtain more information 
about the nature of the carbon-carbon bond cleavage reaction. 
It has been observed that this rearrangement follows first- 
order kinetics and proceeds at a lower temperature than 
alkane pyrolysis. “2hiis indicates that tie relief of strain 
helps the reaction. 

Prcst, qQuenewearivenstuay OL Cycloprepane—propy lene 
isomerization in the temperature range of 469 - 519°, was 
Carried out by Chambers and Kistiakowsky (2). They found 
that this rearrangement was a homogenous unimolecular 
reaction with an activation energy of 65 kcal/mol and a 

Leahy 


frequency factor of, 10 peace the High pressure Limit. 


They suggested two possible mechanisms: 


Jo oeeuncianccana rs ‘ 


A 


Mechanism A involves an initial carbon-carbon bond 
Cleavage to give a trimethylene diradical as an intermediate, 


which might either reclose to cyclopropane or undergo hydro- 
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gen migration to yield propylene. 

Mechanism B postulates that bond breaking and hydro- 
gen shift occur simultaneously. 

In order to define the mechanism more precisely 
Rabinovitch and co-workers (3a) studied the thermal isomeriz- 
ation of trans-1,2-dideuteriocyclopropane. They found that 
the geometrical ects-trans isomerization was 12 times faster 
than structural isomerization to propylene. No deuterium 
scrambling was observed. The frequency factor was found to 


ae: suggesting the formation of an intermediate cap- 


be 10 
able of undergoing free rotation and reformation of starting 
material (mechanism A). Rabinovitch (3) preferred the term 
"expanded ring" over trimethylene diradical for this inter- 
mediate, since it was shown that it cannot be trapped by 
scavengers like oxygen (3b), nitric oxide (4a) or ethylene 
CAb):; This implies that the two electrons involved retain 
some interaction. 

Benson (5a) has carried out a transition-state theory 
calculation on mechanism A, and concluded that the ring- 
opening® can-occur without hydrogen shift;.so that the rate 
determining step for olefin formation involves migration 
of hydrogen in an initially formed short-lived diradical 


(107 tt 


sec). Using the same mechanistic scheme for the 
addition of methylene to ethylene (5b), he correctly pre- 
dicted the propylene to cyclopropane ratio. He suggested 


the following reaction coordinate: 
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standard free energy > 


reaction coordinate > 


FIGURE 1. Plot of Standard Free Energy versus Reaction 
Coordinate. 
An alternate mechanism, was proposed by Cais 06.) ), 


involving the transition state C. 
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All five atoms shown were assumed to be coplanar and 
the hydrogen atom to be partially bonded to the adjacent 
carbon atom, a process which requires the twisting of the 
D-C-H group..s When the molecuhke, returns: :to: its rinitial.‘state, 
isomerization has occurred without deuterium scrambling. 

Benson (5c) criticized this model on an energetic 
| ground, suggesting that the activation energy for ~CH,- 
twist would be much greater than the observed energy of about 


60 kcal/mol. Secondly he pointed out that the frequency 


factor for such a transition state could not be higher than 
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Ailes which is an order of magnitude too low, compared with 


the observed. 
One cannot however simply discard this mechanism, since 
a number of arguments can be put forward in favor Of such 


a transition state: 


(a) It follews the principle of least motion, according 
to which those reactions that involve the least 
change in atomic positions and electronic configur- 


ations are favored (7). 


(b) It releases the eclipsing effect of the groups in 


the substituted cyclopropane. 


B. Thermal isomerization of vinyl-substituted cyclopropanes. 

Another type of cyclopropane isomerization was observed 
when vinylcyclopropane was heated above 300° (8). It yielded 
mainly cyclopentene with small amounts of 1,4-pentadiene and 
ets and trans-1,3-pentadiene. Five member ring-closure pro- 
ceeds with an activation energy of 49.7 kcal moi t and a 
frequency factor of Pee both parameters being signifi- 
cantly lower than those observed for the isomerization of 
cyclopropane. These results were interpreted on one hand in 
terms Of a trimethylene diradical (9a,b) and on the other hand 
aS a concerted rearrangement (10). Willcott and Cargle (11) 


investigated thermal isomerization of l-vinyl-cyclopropane- 


2-d, at 360°. They found that after 6% of cyclopentene was 
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formed, complete deuterium ectis-trans isomerization had 
occurred, in the starting material. They concluded that 

the loss of stereospecificity at the deuterium labelled site 
is at least five times faster than the conversion to cyclo- 
pentene. These results support the intervention of a 
diradical species as an intermediate for the geometrical 


isomérization. 


A decrease in activation energy of 13 kcal/mole is then 
easily understood in terms of the allylic resonance stabil- 
ization of the intermediate (9b). 

The same authors (12) investigated the thermal geomet- 
rical isomerization of ects-2,3-dideuteriovinylcyclopropane 
in order to make a distinction among the three limiting sets 


of molecular motion, as shown on Scheme l. 
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SCHEME 1 


A simultaneous epimerization at two of the 
three carbon atoms in the ring (when Kod is 


much “faster thank...) 
ab 


An epimerization exclusively at one carbon 


atom (when Kod is nonexistent) . 


Randomization of the stereochemistry at two 
of the three carbon atoms in the ring (when 


k = k 


ab Bale 
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Experimental results were consistent with the case III, 
thus rendering evidence for the intervention of the diradical, 
wherein the stereochemistry at two of the carbons is random- 
ized during each isomerization process. 

A number of other alkyl substituted vinyl-cyclopropanes 
have been studied and the activation parameters for a few 
examples are shown in Table I. 

On the basis of the much lower temperature required 
and the clean rearrangement to a single product with the evs 
isomers, a concerted transition state has been postulated, 
i.e. a concerted 1,4-hydrogen shift for l-methyl-2-vinyl- 
cyclopropane (1) and concerted "Cope type" rearrangement 


for ets-1,2-divinylcyclopropane (2a). 


Such a transition state would be difficult to achieve 
in the case of the trans isomers. It has been suggested 
that those rearrangements involve breaking of the carbon- 
carbon bond. to give a diradical, which can then rotate and 
reclose to the cts isomer. An anomalous fact in the ther- 
mal isomerization of trans-1,2-divinylcyclopropane (2) is 


the absence of 4-vinylcyclopentene among the products, 
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Activation Parameters for the Thermal Isomerization of 


' Vinylcyclopropanes 


Compound Products Log A E_ (kcal/mol) Reference 
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=~ 
ASUS 14.4 57.3 14 
ON = ERC, Ore 14 


PRIS eee Bou | 14 
a 
C- 1S fae Lae AB 
a 14.74 48.7 15 
SS 
O baat 21.3 ne 
SS 
(} in 


estimated 16 


1209 52 ee) Ly 


sonstwted om 


Peal eh enka Stet Set msc 


bE ES 


ian ani; . 


at 
» 


woe A aera Ova atee rp 
a a.82 O.EL 
et | eae 20er 
oi | Y.8h | bY 7a 
red €.te!) £O,TL£ 


a ~/ £6 


| i A : te wee “A 3 . ’ 

: vf £ SE @0.£L “] » 
| | ah | Rene po : 

rte ps : : ; - ie : a 


we ee 0 sa ws? > o Ph ? ri y= 
~lapeiecir ida cel 
waghigsaee dite aa Ss 
cop, ie yeaa en 


1 ~~ ; on Th ual pet 7 t+ 
a eS ee 


wr 


even though it is stable under the conditions of the isomer- 
ization. If a diradical is involved as an intermediate, one 
would ‘expect that 1c would” closes more readily to "the five- 
membered ring than to either a three- or seven-membered 


rang . 


C. Optical isomerization of 1,2-disubstituted cyclopropanes. 


In recent years a considerable amount of work has been 
done to define the nature of trimethylene diradical more 
precisely and some theoretical calculations have been carried 
Out by sHorimen™ (ls). 

The cleavage of a carbon-carbon bond is assumed to occur 
by pulling two carbon atoms away from each other along a bond 
axis. Recent work by Woodward and Hoffman (19) suggests that 
in some cases this process can occur more readily by the 
rotation of two groups with respect to one another. Such an 
electrocyclic cleavage can proceed, for a thermal reaction, 
either et a disrotatory fashion, if there are (4n + 2)T 
electrons, or in a conrotatory fashion if there are 4nt 
electrons in the open chain system. In other words the 
symmetry of the highest occupied molecular orbital dictates 


the mode of opening and closing. 


a8 cou oe a5 \2 


‘ sine n | . ae 
—teme st ouly to, acto hy. bad te the 


y % : | > z, a a a [*2y we 
eno .sisiberm acti ie ce ‘as Bpvliovns & sac 


wid oF. wie be as = On am eft “6 
1 y ; . n - 


Ta 


; ‘Sa 
wens 
ie 2 aie 2 


7 


; Lhe 4 7 
betacdinan-rmevee NO -esrrs 5: 
uy 


et. ep 1 ripe r ty cry 4 
” ie cP £4207 ’ } 
— cad seal aoe ue oe —- poy hmm wht 


on ee a te yew! ti 
“teh us aot ye 


o at Geammers el fiaod nodsagg-dedtAy. & to SneM 

i . ’ ' a : f ye 
aod 6 pnet ealao doee tiett vews snods cmodies ‘Swe 
: ~ 


As dow2 .xoiidoie smo OF MHaqage doin a4 ow Eee had SK 

aoiceges Leaait £6 26a ,beeverq cet ieee fo, poses 
: ay i 

“. 


P a SC er us al \ pe —-_ aoe, ; 
(s «a iit ) S56 Stews 2st ,kOmcs lt yYiGacEe toteth. = ae -- 
7 a r e PB) 3 : : 
a © - - a 
tah 


* T * 7 a : ys 
ob ox6s ateads PL Aoisest yuo <toxndd & Ah 
oa : 7 1 rs 4 _ ” 


4 7 7 a ‘ va if = 
any sberow meena ae salen ahh misris at a LS, 2 
: i paltet Iss 


7 7 4 
‘tetoih Lediauo pel Lymsbom. | hei qolQ' : Bite aah + %> % 
‘i N 


19, 


Cleavage of a carbon-carbon single bond in cyclopro- 
pane can be then considered to be the simplest case of an 
electrocyclic reaction, involving a two-electron system. 
Simple application of the above mentioned rule, would pre- 
dict a disrotatory mode of ring opening and a disrotatory 
mode of closure of the trimethylene to cyclopropane. 

This however is an oversimplification, Hoffman (18) 
has carried out theoretical calculations on a trimethylene 
species (3) using the extended Huckel molecular orbital 
method. The total energy of the system was investigated in 
respect to three degrees of freedom of the molecule, the 
central CCC angle and the rotations of the terminal methyl- 
ene groups in respect to a plane defined by the three carbon 
atoms. Three geometries are then possible for the ground 


stateno£k 3. 
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It was found that the 90,90 geometry is the most 
stable one at a small CCC angle, and that the 0,90 geometry- 
which is similar to Smith's intermediate (page 3) - would 


be the least stable. However, at larger CCC angles (more 
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than 110°) 0,0 geometry becomes stabilized over the other 
two. Further from the calculations it follows that the 
singlet trimethylene (state 1) is the ground state for this 


intermediate. 


4 + + 
Hoot + 


These observations led to some very striking predictions 
about the stereochemistry of cyclopropane ring opening and 
closure. When the ground state of 3 was taken as state l 
with 0,0 geometry, it was found that the antisymmetric level 


has an energy of 0.55 ev lower than the symmetric level. 


A S 


This was attributed to the mixing between C-H orbitals on 
C-2 into the symmetric orbitals of pseudo ma system, result- 
ing in the increase in energy of S orbital, leaving the 


non-interacting A orbital unaffected. Thus the predicted 
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preferred motion for the two terminal methylene groups to 
reclose to cyclopropane is in the conrotatory fashions This 
so-called “nt-cyclopropane" should also have a barrier to 
internal rotation. On the other hand the excited configur- 
ations of 3 (state 2 and 3 on pagell) are "floppy" molecules 
Without rotational barriers. 

Preference for conrotatory closure of intermediate 3 
was earlier demonstrated by Crawford and Mishra (20) in the 
thermolysis of ets and trans-3,5-dimethyl-l-pyrazoline, as 


shown in Scheme 2. 
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SCHEME .2 


It was suggested (21) that the same type of inter- 
mediate plays a role in the fragmentation of thietanonium 
salts, in the presence of n-butyllithium, which proceed 


With ithe high degree of ‘stereoselectivity (Scheme 3):. 
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Recently (22) similar results were obtained in the de- 


amination of azetidine (Scheme 4) 
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Lately a third type of cyclopropane thermal isomeriz- 
ation has been investigated, that is optical, or the racemi- 


zation process. 
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The relation between rate constants for geometrical 
and optical isomerization should provide an answer to 
whether an electrocyclic process plays a major role in cts- 
trans isomerization, and whether a conrotatory mode of ring 
opening is a more favored process for the formation of the 
Grinechy lene Intermediace than is a random or non—concerted 
process. 

Scheme 5 shows three extreme mechanisms for these iso- 
merizations, together with predicted magnitudes of rate 


constants for geometrical and optical isomerizations. 
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Berson and Balquist (23) studied racemization and geo- 
metrical isomerization of tetramethy lcyclopropane-d_ and 
found that these two processes occur at the comparable rates. 
' They concluded that neither an intermediate of randomized 
stereochemistry, nor Smith's mechanism can be the only pro- 
cess, and that only a small fraction of ring-cleavage is an 
electrocyclic process. 

Crawford and Lynch (24) reached a similar conclusion 
in their study of trans-1,2-diphenylcyclopropane, where the 


ratio of i i ee Was Olt CO-De. 1,5) tats 229°: 


ac 
Bergman and Carter (25) studied geometrical and optical 
isomerization of cts-l-ethyl-2-methylcyclopropane (4)and 


trans-l-ethyl-2-methylcyclopropane (5). Considering Scheme 6, 
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k 
they were able to obtain the ratio =. 
| ct 


If the electrocyclic process plays a major role, this 
ratio should have value greater than 1 (in the case of py- 
razolines this ratio is 2.86), i.e. racemization process 
must be faster than the geometrical isomerization. Assuming 
that only secondary-secondary bond cleavage is important, a 
value of 0.79 was obtained, which led to the conclusion 
that a concerted electrocyclic process, if it takes place 
at all, does so to a very small extent. The authors however 
neglected the possibility of primary-secondary bond cleavage, 
a path which can contribute to the over-all process of ects- 
trans isomerization. One can demonstrate that this pos- 
sibility cannot be readily dismissed. 

The isomerization of 4 can occur by cleavage of bonds 


a, b and c by rate constants K Tee Ky ald rales -e aths ons 
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and Frey (26) have measured k, and found log A = 15.08, 
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An estimate of se + Ka can be made from the reaction 
of ets-1,2-dideuterio-3-methylcyclopropane (6): 
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Measured by Setser and Rabinovitch (3d), (log A Po.) ond 
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log k6/k4 = sl. Oo rl. 49) = 0,43 


ke /k4 = E2L et] since 3k 4 = ko 
then 
ke /Kg a8 Of) Ka = 0.124 Ke 
k= Poa Ky + ky ke = 0.124 ke + k, + ky 
0.876 ko = 
6 ke + ke 
ak k +k 
5 ES Sa EE eG ce eens 
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Comparing observed rate for 4 and 6 at 400°C. 
log .K,/k, = 15.35, — 15.08 - COE eae) 
PU ek 
= OP 20 =7 0,02 
= -0.25 
ko ne ae 
ke /ky = 0.56 .°., ——— = 0.876 x 0.56 = 0.49 
k 
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thus cleavage of bonds a +c can represent 49% of the 
observed reaction. 

Since the observed rate for geometrical isomerization 
may in fact be composed of three rate constants, comparison 
of only ky with the rate for the racemization process would 
be meaningful. Thus there is doubt about the authors con- 
clusion. 


While the intermediacy of a 0,O-trimethylene species 
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is reasonable in the thermolysis Of l-pyrazolines (20) 

fragmentation of thietanonium salts (21) and deamination 
Of azeti dines (22) it is mach more difficult to establish 
in the thermolysis of cyclopropanes. The possibility of 
the 0,90-trimethylene species, similar to that suggested 
by Smith (6), cannot be readily dismissed from playing a 


role in these reactions. 


DS Thermal Vsomeri zation of oxiranes. 


Thermal behaviour of oxirane Chea 2-methyloxirane 
(8) (28), and 2,2,3,3-tetramethyloxirane (9) (29), has 
been studied. Pyrolysis of 7 and 8 ts) complicated by pri-— 
mary and secondary radical processes in addition to non- 
radicar reactions. mihermaltdecomposition of 9, ata 
pressure of 11 torr is a first order, homogenous unimolecular 
reaction. 

Activation parameters and products in these pyrolyses 
are shown in Table II. 

The mechanism has been discussed in terms of initially 
formed diradicals, produced by the fission of either a 
carbon-carbon, or a carbon-oxygen bond (29). The diradical 
intermediate can either rearrange or decompose to give the 


observed products (Scheme 7). 
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TABLE II 


Activation Parameters .and Products in the Pyrolyses of 7, 8 


~ 


anaes 
Compound Products log A E , (kcalmol) Ref. 
7 CH ,CHO 14.34 Shine 97 
8 CH ,CH.,CHO 12 51.9 if 
= CH3COCH, 
H ZH, 
(CH) 4-C-C Loves 47.5 
a CH 
3 
CH, 
9 ere Aa 5S 29 
iG CH 
| 
(CH) ,C-COCH iShares . 50.77 
Me Me 
i 
y ‘ ——> CH,-C-C(CH,) , 
OA Me os Me 
Me Me 
eae | 
Me Me 
9 NN Me Ma NI 
ya ea SS 
Me Me + (CH) C=O 
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SCHEME 7 
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Based on thermodynamic calculations carbon-oxygen bond 
Cleavage is favored over carbon-carbon bond rupture in the 
case of simple unsubstituted oxirane. However, with sub- 
stitution the energy requirement becomes the reverse, and 
the formation of diradical Bis Favored over diradiveal D. 
Gell wine: intervention) Of daradicalep» as mecessary CoO 
explain formation: of 3,3-dimethyl-2-one in the pyrolysis of 
9. 


The thermal behaviour of trans-2,3-divinyloxirane 


(10) and ets-2,3-divinyloxirane (11) was investigated (30) 


TABLE ITT 


Activation Parameters and Products in the Thermolysis of 10 
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and found to be very similar to that of 1,2-divinylcyclopro- 
pane (2). The ets-oxirane (11) appears to be more stable than 
its cyclopropane analog, but rearranges at temperature above 
50° to a single compound 4,5-dihydrooxepine (12). The low 
activation energy and negative entropy indicate a concerted 
transition state. Compound 10 at the temperature above 180° 
rearranges to two products: 2-vinyl-2,3-dihydrofuran (13) 

and 12, an contrast Zeo 2 which does not give rise to a five- 
membered ring product. (Table III). 

Recently the study of the thermal rearrangement of 
several 2,3-divinyloxiranes, substituted at the double bond, 
has been reported (31). It was found that the conversion 
of 2,3-dipropenyloxirane (14) to 2-propenyi-3-methyl-2,3- 


dihydrofuran is a concerted 1,3-sigmatropic rearrangement. 


[1,3] 


oe 


Since 14 was optically inactive, the question of whether 
this rearrangement proceeds in an antarafacial manner with 
retention of configuration, or in a suprafacial manner with 
the inversion of configuration at the migration center (C-4), 


could not be answered. 
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E. Theoretical considerations of oxa-trimethylene. 
The ring-open form of oxirane represents a 41 electron 
system, since a lone pair on oxygen is mixing with S combin- 


ation of terminal ~CH, orbitals (18). 
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' FIGURE 2. An Interaction Diagram for Oxa-trimethylene. 


Thassdilagram isasimilar with the one. for the allyl 
anion and consequently conrotatory mode of closure of this 
species to its three-member analog is predicted. Preference 
for conrotatory closure should be more pronounced than in 
the case of trimethylene since the splitting of the S and 
A level is much greater. Another consequence of such an 
electronic structure is a concerted addition to (4n + 2) T 
electron systems. 

Cycloaddition of trimethylene to a double bond has 
never been observed on an intermolecular basis and the only 


reported case is the intramolecular trapping of trimethylene 
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adiradical an the iconversion off Ito Il, though’ the mechanism 
has not yet been established, however concerted process is 


orbital-symmetry forbidden (32). 
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On the other hand cycloaddition of tetracyanooxirane 
to olefins is known to occur in a highly stereospecific man- 
ner and is insensitive to solvent polarity and substitution 
changes (33). 

Recently a theeretical study, of the electronic struc- 
tures of the open forms of several three membered rings has 


been carried out (34). 


A=B=C = -CH, 
=B = ~CH, - C= -0- 
WR A=B = -CH, , C= -NH- 
A B “ 
A= -CH,, B= -0-, C= -NH- 
A=B=C= -O- 


The electronic structure of the open form of these species 
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is a linear combination of resonating t-system ee rere 

AAs and a 1-diradical on Concerted mode of reaction 

of these species is understood as the concerted ring opening 
and a concerted cycloaddition. The higher percentage of a 
Gdiradical character means a smaller fraction of the electronic 
wavefunction has a stereochemical preference. These calcu- 
lations have been carried out using non-empirical self con- 


Sistent field and configuration interaction methods, and the 


results are summarized in Table IV. 


TABLE IV 
T™-Giradical Character of the Open Forms of Several Three 


'Membered Rings 


Calculated weight 


Molecule te 12% Diredical Character 
Cyclopropane 40% 60% 80% 
Cycilopropy l anion 4% 96% 83 
Aziridine 15% 85% 30% 
Ethylene oxide 19% 81% 38% 
Oxazirane 10% 90% 20% 

Ozone 15% 85% 30% 


* 


Wie Signifies that the p-t atomic orbitals on the terminal 


atoms, both enter the molecular orbital with a positive 


coefficient, and tT signifies a negative coefficient. 
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The controtatory mode of ring opening for trans-2,3-di- 
vinyl oxirane 10 produces an oxa-trimethylene (15) which is 
isoelectronic with heptatrienyl anion, and is a planar racemic 
intermediate. Ring closure should thus generate racemic 10 


vw 


and is a process which may be followed polarimetrically. 


f 
I 
' 
1 
H —=— 
10 ilps 

The oxirane 10 is also capable of trans to ets iso- 
merization. This geometrical isomerization may proceed via 
a Smith» type of tEransitienpstate Or via a conrotatory ring 
opening followed by a less probable disrotatory ring closure 
(or vice-versa a disrotatory opening and a conrotatory 
closure). By studying both the racemization and the trans- 
CO-e7 es FSomeri zation Ofe Uewewebtain an indication of the 
feasibility of each reaction. By comparison of the data thus 
obtained with that of Dr. Mannosuke Arai for 2 some insight 
into the isomerization of the latter may be obtained. 

Smice the Isctehbeatlone or ay LiLo LS-occurs AL a Com 
parable rate to trdns—-to-czvs isomerization, there 1s possib- 
ility that we may obtain insight into the mechanism by which 


the latter is formed, when we use optically active 10. 
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A. Synthesis and Resolution of trans-2,3-divinyloxirane 
oak O%. 


The oxirane 10 was prepared by the method of Braun 


(35). and, Stogryn ¢36).,..aseaindicated in Scheme 8. 
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Under the conditions employed apd: is converted to l2. 
Separation of 10 and 12 was achieved by preparative gas 
chzuemelography),usang-a cen. Looc..column. of -15%..8:,pB!-oxidi- 
propionitrile on firebrick. 

Spectral cata. tor 10 were in agreement with those 
previously published. The nmr spectrum in deuteriochloro- 


form (Figure 3) showed two sets of protons in a ratio of 3:l. 
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The vinyl protons are multiplet centered at 7% 4.55 and.ring 
DLOLONSwale: a "doUntet. ater Oo von IReSpeCELume in ict lorororm 
showed the following infrared maxima: 10.17(s), 10.82(s), 
Tiles Olsen hb OUMS) sand lA > (cl aam(rroure: 4)7. 

The oxirane 10 was then subjected to one equivalent of 
di-3-pinanylborane at -20°, to achieve partial asymmetric 
destruction, as described by Brown (37). 

Since oxiranes react with borane at 0°, though at a 
slower rate than the double bond (38), the normal procedure 
was modified. The unreacted 10 was then isolated using 
preparative gc. Specific rotations for 10 are shown in 
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Specific Rotations for 2,3—-divinyloxirane 10 
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The decrease of optical activity of 10 with time, was 


followed at three different temperatures, as described in 


~iebeanong A darigtt pola (hey penis 
oalail ‘ndadlees pond) ante “theea | : 
ok dvecnelie Sue B 207 cnotantes Waano es He 


io ae. a es ey RE — 


ae 


” cM ; at 


tin WORN Yt 00) ode, taped awe 
{lonaqaza-S . 
“av ote . | Js 89a s 
Cn a i | 
OeS a= 


hey oe 


30. 


the Experimental section. Correction for residual rotation 
fol, -[o],, 
was applied. Plot of log Seas vs. time showed in all 
[otas lo} 
Oo fore) 


cases good first-order kinetics. 

The rate constants were obtained from the data in the 
following manner. For a first-order gas phase reaction of 
Ther type vA -sproGucts,, tt ais known that, 

fo] ,-[o],, 


k = 2.303/t x log ————— (1) 
[a] \- lo], 


where k is the first order constant, t is the time, [ol | is 
BieispecrrrC*roltartOngOtanUmatmce= 0, Lo}, is the specific 
rotation of 10 after being heated for time t, bales is the 
residual srotationuatter more: than. .10,,halfi-lives...__A-plLot 

fa},-lol,. 
of log —————— versus t gives a straight line with a 

[a] -[ol,, 
slope equal to k/2.303. 

To obtain an indication of the error limits associ- 

ated with the best-fit values of the constants in a linear 
equation the least squares method of numerical solution was 


used (39). 


Equation (1) has the form, 
yes bx + a (2) 


f 


lol ,-lo! oat 
where y = eam a Dieie wib = 1/2303 = BLxy LxLy 
Bod la nyx™ = (Fx) 


oa 


eta inti 0 3 zi. sone 


(2) 


ot tel yomiter ae eh 9 senendb tae, 4 fend pos 
répage ant ot shal 0 = 5 ae OL Lo noisason’ oe 
oy et fe] i sine xo ‘Heagktat sbed x9te ‘OL to ‘nok 


daly & saewid= ties oE Bait Gree ind2e x 7 
; wba sl 


Fare > : 
200.244 ot tarps’ ayike. ; 

\ Tie 

-toogas oo rg youte wir Yo aclisolBai mm. eisddo of 

shat «ah as edaOs oti? t0 aovtov o43-+edd ote ‘ne 


: ai ‘ 
anw matdioe fee iw Beaeks on coueupe ‘daaes ons % 


& side ont! sipistia a 2ovdy F ce 


(e) 


ours 


2 
x = t, and intercept a = )x"}y -)x)xy 


nJx7=(Jx) 2 


The probable error in b is Py given by 
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TABLE VI 
Decrease of Optical Activity of 10 with Time and the Least 


SOuerececCauCuraci1 On, tor .chewRate: Constanta i150. 04°C 


fevporature: 150004 +e0l03~, [a]. eee UlOl = 07600 > 
[oJ,-[ol, 
Sample No. Time (min) lol log ———-_—_—- 
[oJ - [a], 
n Be y 
1 60 5.0106 Oe OO. 
Z 120 4.236 0.144 
3 180 3.498 0.243 
4 298 22085 0.386 
5 420 I ao fs 0.613 
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a = -350.7298 x 107, J (y-a-bx)? = 109391 x 107 
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dustk = 5.8 + 0.2 x 100" ssec obtained by the least squares 


analysismagrees well with the value of 5.9 x 10° 


obtained from the graphical plot (Figure 5). 
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TABLE VII 


Decrease of Optical Activity of 10 with Time and the Least 


Squares Calculation for the: Rate Constant at 160.07°. 


Temperature 160.07 + 0-047, a}. =) sor. / 0", od = -0.600°. 
fo}, -fol, 
Sample no. Time (min) ~fol, log ——— 
[a] - (al, 
n x y 
1 40-2 4,344 Orrlo2 
2 90 3.224 0.286 
S) 150 225 LS 0-422 
4 209 se ee bee 157 OOD 
5 300 S239 0.900 


Yx = 789.2, Jy = 2.397, xy = 1891.7124, (Sx)? = 622836.64 


Yxy = 501.6594, Jx* = 165897.04, Jy)x? = 397655.2048 


Px) acy =) 39590959848, eb oe 8273 Hoc a= 8404722 x410°" 
} (y-a-bx)* = 188612 x 107%, PB, = 16.912 x Togs 
P, = 0.8311 x TOME 
Tiras KD a 00 ox 2087, sec + obtained by the 
-5 


least squares analysis agrees with the value of 11.5 x 10 


sec’* obtained from the graphical plot (Figure 6). 
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TABLE VIII 


Decrease of optical activity of 10 with time and the least 


SQUates Calculations tor, thevwrate constant at W71.55°. 


Tempe tar uteri oo) tO Un Lo], oe ON Oe -0.600° 
[a],-[o],, 
Sample no. Time (min) ~Tol, log ————_—— 
Bt) era HC ee 
n x y 
L 32 Se/59 0.208 
2 Ace Paras ies Ov423 
3 Ea Bh DAG 8) 0.483 
4 92 -1,.484 0.759 
5 Leia? AZO 0.924 


N= nap Oley yi 2) 797) Ve 9s076202) ()x) = 122920. 36, 


xy = 234.6908, )x* = 29295.58, JxJy* = 81939.73726, 


yx) xy = 82282.59448 b = 81.8531 x 1074, a =-145.5403 x 107", 
y (y-a-bx)? = 502934 x 1078, Py = 27.6170 x Tomes 
P,, = 4.0233 x wore 
Dis ske— Ol Ate lex 70m seceue obtained by the 
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least squares analysis agrees with the value of 31.2 x ibe 
sec + Cbrained bya therugqrapnacar plots (Figure 7) “Error 
O£4,53-is derived irom) thesdtfficulty*in maintainingvd 
constant high temperature, when placing samples into a 


constant-temperature bath. 
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Each of the observed rate constants for racemization 
of 10 is in fact composed of three rates, one for the inter- 
conversion of two enantiomers and the other two for the 
formation of two geometrical isomers. These contribute to 
the over-all decrease in optical activity as shown in Scheme 
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Ttiastknownt-thati ill gssconverted ‘to 12 at 60° (26), 


with no 10 being produced, thus we know that Ky > k_3- From 
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Bheadatvayinwrawte ITIlIl in the’ historical section, it can be 


Calculated that ky a 10° k 


the suggestion that=i2“is*produced only via ll, but this 
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does not affect the general scheme. 


Thus 


From the data published earlier (30), it is possible 


to evaluate k. + k and these are shown in Table IX. 
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TABLE: IX 


“First Order Rate Constants for the Geometrica t and Racemiz- 


. ation Process in the Thermolysis of 10 (in sec +). 

Run no. temp (°C) Tok ous TOES) gel Oai 
af Us Ot aac nO 0S eine O sxLed O13 2,82 + 10.06 
2 GO 7 0204 gs hae vat ire heii Ono 7 oD ae O el 
3 Dish o.e 0207 31 Atel Le ey BES ae wie 


The effect of the temperature on the rate constant is 


given by the Arrhenius equation: 


oe Ha/RT 
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where Ea is the activation energy and A is the frequency 
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forms (6) and (7) 


ink = lnA -Ea/RT (6) 


Lep & 


log k = log A - Ses, zs (7) 
Pigs 210s Stadia Al 


The activation energy Ea is obtained from the slope of a 


Blot ot Jog k ve.) h/t and@logerithm on frequency factor 


log A as the intercept (Figure 8). 
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Both parameters were calculated by the least squares 


analysis and the results are shown in Table X, 


TABLE X 


Least Squares Calculation of the Activation Parameters for 


the Racemization of 10. 


Run No. log k 1000/T 
n y x 
1 -4.551 Pape i opoty) 
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The error in activation energy ES in kcal/mol can now 


be calculated 


Error = Py Keer S Xx 1.98) Sat 17s kcal/mol 


For a gas phase reaction 


AHT = E. - nRT (8) 


where aut is the enthalpy of activation and n is the order 
Orethe reaction.) For. the first order reaction equation (8) 
becomes 


AT = Geen RT (oy 


From the transition state theory (56) 
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woere kK. 1S) S0lCzZMmann sS CCOnstant, 1 VSbbanck’s, constant, 

i 
aut and AS’ are the enthalpy and entropy of activation, 
respectively. Combining equations 8, 9 and 10, an expression 


for ast 3S cbtained. 
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Equation 12 was used to calculate the entropy of activation 
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Rete, = 4,576 (log A - 10.3201 z 220365 2— 074543) 
Se od Oi Ooo: eel so oo) 
= 4,576 x (-2.8419) 
a ed Sa 

The complete kinetic data for the racemization of 


10 are given in Table xI. 


TABLE XI 
First Order Rate Constants (in Sefer and Activation Para- 


meters. for Racemization of 10. 
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TABLE XII 


Rotations* Exhibited by the Infinity Runs 


obs 
fo} 


Run no. Time (hr) (Cone. of 10 HS 
in %, 2-propanol) 

1 47 =-0.060° (10—5) =O S717 

2 let) == 0D Gael S08) =0 588° 

3 3 = (06 3°7( 10% 3) =07.6 105 
* 

AE 3605 7m 

oe Absoiunte Configuration vand sOptrcalePurity of: 10 and 13, 


Infinity samples, taken after more than 10 half-lives, 
exhibited residual rotation, as shown in Table XII, indicat- 
ing formation of an optically “active compound 13. As 
estimated from the known rate constants and confirmed by the 
gc analysis 13 was formed in such a small amount at these 
temperatures, that its preparation and isolation in an 
optically active form by this =souce was not practical. 

In order to test whether optically active 13 arises 
from 10 Lind. CONCeLrted sp) ocess,  1..6. 31), 3-Sigmatropic shite 
with inversion or retention of configuration, a comparison 
of their absolute configurations was made. This was done 
by the correlative method with 3-hexanol (19) asedareLerence 


compound. Its absolute configuration (40) and optical 
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purity (41) are known. 
Scheme 10 shows the absolute configurations of each of 


the compounds used in the sequence from R-(-)-10 to S-(+)-13. 
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Reduction of R-(-)-10 to S-(4+)-1,5-hexadien-3-o0l (18) was 


carried out with lithium aluminumhydride in dry ether. 
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Compound 18 was also prepared independently, resolved 


and used for further transformations. 


Synthesis and resolution of Sat lots) COmpound™ was pre- 
pared=by “the»metnod of=Butzr (42) ftromvallyl™bromide and 
acrolein in the presence of magnesium in ether. It was 


resolved via the brucine salt of the phthalate half-ester, 


as described by Levin (43). 


Hydrogenation of o-(+)-18 vO So ors Br ee WAS Carmmed. Out first 
by the procedure described by Levin (Gaygin the presence of 
palladium on charcoal. The isolated products were identi- 
fied as hexane, 3-hexanone and 3-hexanol. Since the extent 
of racemization of the semi-reduced form was not known, the 


Giimide hydrogenation was carried out successfully. 
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Synthesis and resolution of R-(-)-l-hexen-4-ol (20). This 


compound was prepared from allyl bromide, propionaldehyde 
and zinc in tetrahydrofuran (44). Resolution was carried 


out in the same manner as compound 18. 


v~ 


Hydrogenation of R-(-)-20 to R-(-)-19, was carried out under 
the conditions described for the conversion of 18 to 19. 
Conversion of R-(-)-20 to R-(-)-1,4-hexandiol (21) was 


carried out employing Brown's method for the antt-Markovni- 


Kor aiverat.on eof double sbond. (459°, 


OH OH 
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oh re OH 21 
Conversion” of R= (=)'=21"to R- (-) -2-ethyl-tetrahydrofuran (2-2) 


was carried out by the method described by Coates (46). 
R-(-)-21 was treated with one equivalent of p-toluenesul- 
phonylchloride in pyridine and under the conditions employed, 


cyclisation occurred spontaneously. 
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S-(+)-13 was prepared via 2-vinyl-5-acetyltetrahydrofuran 
(23) by the procedure of Glacet (47). Compound 23 was sub- 
jected to a partial asymmetric destruction (37) and 
pyrolized to yield S-(+)-13. Reduction of S-(+)-13 by 
diimide afforded optically active 2-ethy1-2,3-dihydrofuran, 
which yielded Rear) soe after reduction with hydrogen in the 
presence of rhodium on charcoal.* 

Absolute configurations, optical purity and sources of 
compounds 10, 18, 19, 20, 21, 22 and 13 are shown in 


TapwesxTLD. 


A ah a 
0 _ > { Le ————— | LN 
(-AcOH) O 


23 13 Ze 


nn vw nN 


* . . 
Preparation, resolution and reduction of 13 was carried out 


by Dr. Hirokazu Tokunaga Cfethis laboratory, 
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Observed Rotations at Different Wavelengths for Compounds 


Listed in Table x2. 


Observed rotation in (deg) 


All samples were examined in 2-propanol 
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The principle reason for carrying out this work has 
been to compare the racemization, and geometrical (trans to 
ets) isomerization of oxiranes with those of cyclopropanes. 
Quantum mechanical calculations by Hoffmann (18) and Hayes 
(34) indicate that the intermediate expected in these re- 
actions should have greater diradical character in the tri- 


methylene species 3 than in the oxatrimethylene species 15. 


5 1S) 


The non~bonded electron pair on the oxygen allows better 
conjugation than that of the spseudo p—orbital on) the central 
methylene of 3. The implication from the quantum calcu- 
lations are that the oxirane should racemize more readily 
than the analogous cyclopropane and that the oxirane should 
be slower to undergo geometrical isomerization. Operationally 
if the racemization is an electrocyclic process and only one 
mode of rotation to the intermediate, e.g. either con- or 
disrotation, is available then the rate constant for the 
geometrical isomerization will be infinitely smaller than 
the rate constant for the racemization. If however both 
con- and disrotatory modes are equally accessible then, 


invoking the principle of microscopic reversibility, we 
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we can state that the racemization rate constant will be 
twice that of the rate constant for the geometrical isomer- 
ization . If only one chiral center of the optically active 
oxirane is rotated through 180° (the Smith mechanism) then 
the starting material is not racemized but is ultimately 


GONnVeErECd=t O--125—-This-2S.SunmMaceZzedsHhiwLable—x.V-, 
TABLE | XV 


Operative Criteria 


Path Predicted k3/k, 
Only one mode 0 
Equivalent dis-and conrotation 2 
Smith mechanism 00 


The ratios observed at 150.0°, for 10 and 2 are 
Bs01 4a. 134. (48). TAGel>aOl the oxmmane zwacemizes 2.23 


times faster than the cyclopropane, but the geometrical 


A statistical factor of two is required here for while 
both eG and nG ) drsrotations from an intermediate 
such as 15 give rise to the cts isomer, conrotation 


gives different enantiomers from each possibility 
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isomerization is 0.0239 times slower for the oxirane than 


that of the cyclopropane. These results are summarized in 


Table XVI. 


TABLE XVI 


Comparison of Racemization and Geometrical Isomerization for 


LO anda Sota oOm 


Racemization Geometrical 
isomerization 
1 sf 18) 145 EO 
=e 65 44 


Mechanism of Oxirane Isomerization 

The kinetic data indicate that the concerted elect- 
rocyclic process is favoured over the more random diradical 
process. A problem arises in just what one might expect Of a 
diradical that is free to close to either cts or trans- 
2,3-divinyloxirane. If we are to use the definition of 
Hayes and Siu (34) then from the diradical we are equally 
likely to get ring closure to the ets isomer as to the 
trans. This does not take into account the relative 
thermodynamic stabilities of the ets- and trans- isomers. 


We shall first attempt to explain what we expect from a 
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diradical for the cyclopropanes and then the oxiranes. 

Lif we assume that our diradical has a structure, such 
as 24 where the alkyl groups R and R' are in the stable W- 
configuration and that it is free to close to either a ecis- 


or trans- dialkylcyclopropanes, sans orbital-symmetry fac- 


LOrs. It would seem reasonable that those factors which 
R R 
e > 
H H 
24 


nw 


control the relative thermodynamic stability of the ring 
closure products will be playing a role in the transition 
states. deading:to those products... 712. for example, R -and.R* 
are methyl then it is known that the trans isomer is more 
Stable than, the ezs, (AH? = -1)0 kcal moleu) bya. facto 
Of > Sonat oOo. (4a). “glhust ig othe. magnitudevoL.the.steric 
effects were the same for the transition states as for the 
ground states we would have a reaction coordinate as in 
Figure, 9. and sact = AH. .ethaS Use Likely toybe.ntoo large 
an estimate and the effect will probably be somewhat atten- 
uated. One possible indication of the attenuation is that 
the ring closure from triplet diradicals (49) gives a 
1,.55:1 ratio of trans to cts- 1,2-dimethylcyclopropane 


thus sact = O,26:0H".° If instead of methyl we consider 
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FIGURE 9. Assumed free energy profile for the 
| ring closure Of atcemmethy lene 
diradical. 
the case of 1,2-dipheny1lcyclopropane Weprind, that AH at 205° 
us) 2557 kcad mole i" s Upon attenuating this value by 0.26 
‘we find that for every mole of substrate going to a diradi- 
cal that 0.66 moles will end up as racemic trans and 0.34 
moles as cts-1,2-diphenylcyclopropane. This suggests that 
the analogous k/k, ratio for the diphenylcyclopropane is 
such that for any value greater than 1.04* the process is 
diradical and for any value less than this that we have 


some electrecyclic character. Crawford and Lynch (24) 


This value is simply a ratio analogous to that in Table 
XV of 26 except that now we have incorporated some 


thermodynamic preference. 
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observed a value of 4.7. The divinylcyclopropane may be 
expected to demonstrate steric effects intermediate between 
the methyl and phenyl, and thus assuming a value of 

ANS mesa oe) KCaL mole? we can get an analogous value for 

the k/k, refs heumeb wee: aby, As: The value observed by Arai (48) 
forel,2-OLViny  Cvclopcopanesma ao0m ie 1.36, again, implying 
that the isomerization has no electrocyclic component. 
Table XVII lists these values. 

Lynch (50) has observed that cts- and trans- stilbene 
oxide (1,2-diphenyloxirane) have nearly the same equilibrium 
value as diphenylcyclopropane. Thus using the arguments 
none 10 that we used for 2 we would expect a value of 
k,/k, = 1.18 or greater for a diradical process and that an 
electrocyclic process would give a smaller ratio. The 
observed value 9.014 indicates less than 1% diradical 


character. 


Mechanism of the 1,3-Sigmatropic Rearrangement 

During the racemization of R-(-)-10 the formation 
Cr R=) oe was observed in the infinity tubes. By relating 
both 10 and 13 to 3-hexanol we can see that the 1,3-sigma- 
tropic shift must have occurred with inversion of configur- 
ation at the migrating center. This process can be 
classified as a aes ar ae Si1ecerocyeclicireaction, (51). 


The transition state for this process may be visualized as 


approximating 
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A frequent point of conjecture has been as to why 
the thermal isomerization of trans-1,2-divinylcyclopropane 
2 does not give rise to 4-vinylcyclopentene. We suggest 
that the replacement of the oxygen in 10 by a methylene group 
would give rise to serious steric interactions from the 
hydrogens of the cyclopropane methylene group and that 
terminal hydrogen of the allylic frame work that is trans 


to the methine hydrogen. 
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All boiling points are uncorrected. 

The infrared spectra were obtained on a Perkin-Elmer 
Model 421 spectrophotometer. The nuclear magnetic reson- 
ance spectra were obtained on a Varian A-60 spectrometer. 
Rotations were measured on a Perkin-Elmer Polarimeter Model 
141. 

Constant temperature in the air bath used for the 
kinetics was controlled by Melabs proportional temperature 
controller model CTC-1A and measured by Melabs temperature 


bridge Model CTB-1l. 


Synthesis 
 Zincscoppericouple? An aqueous solution containing 


cupric sulphate pentahydrate (20 g) was added dropwise to 

a rapidly stirred mixture of zinc dust (200 g) dispersed 

in ice (300 g) and water (300 ml). After agartion, “Stirring 
was continued for 30 minutes. The couple was filtered and 
washed several times with tetrahydrofuran, dried over phos- 


phorus pentoxide under vacuum at 50° and stored in a vacuum 


desiccator. 


meso and rac-1,5-Hexadien-3,4-diol (16). Acetic acid 


(92.4 g, 1.54 mol) was added over a period of one hour to 
a zinc-copper couple (220 g) and acrolein (84 g, 1.50 mol) 


im dry stetranydrofuran (350 mi) 2 -=During’ the addition the 
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reaction mixture was stirred under a nitrogen atmosphere 
and the temperature maintained at -10°. After the addition 
the mixture was allowed to slowly warm to room temperature 
and then was stirred for another 18 hours. The solution 
was decanted from the dark grey residue, which was then 
washed several times with fresh tetrahydrofuran. The 
washings were combined and dried over anhydrous potassium 
carbonate. The drying agent was filtered off, tetrahydro- 
furan. was, removed On a rotatory) Gvaporaton, and. the product 
was purified by distillation under vacuum, to give a mix- 
ture of meso and rac-1,5-hexadien-3,4-diol (60 g, 70%); 

bp 87-98713 mm, (lit. 97-98713 mm). Signals were observed 


in the nmr spectrum in CDCl Testor en IeMULtiplet, 795. /o 


33 
poorly resolved doublet, t 6.00 poorly resolved doublet, 
t 6.75 sharp singlet. The integration gave the ratio of 


Seal Psa PAR! (lope de Be 


Divinylethylene carbonate (16a) was prepared according to the 
procedure of Braun (25) APmixture: of 16 Coie 7a OO Mol), 
Giethylcarbonate (71 g, 0.6 mol) and anhydrous potassium 
carbonate (0.2 g) was slowly heated to 110°. At this tem- 
perature the reaction started and ethyl alcohol was 
fractionated off vta a Vigreux column. After the theoreti- 
cal amount of ethyl alcohol was removed, the residue was 
fractionated, yielding the mixture of cts .and trans-l6a 


vwN 


(51.8 g, 74%); bp 63-68/0.2 mm (lit. 64°/0.2 mm). 
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Note: This reaction is very sensitive to moisture and appears 


to have an induction period. 


trans-2,3-Divinyloxirane (10) and haat HR eran G2). A 
mixture’ of léa (140 g, 1.47 mol) and lithium chloride powder 
(5 g) was heated slowly to 200-220° and the distillate col- 
lected in a dry-ice cooled receiver. The distillate was 
washed with cold water and dried over anhydrous magnesium 
Sugpiace  jwDistii latvon of the crude; product, through a 
spinning-band column, afforded a constant boiling fraction 
(2557 a2. bp L.tUS o/ 200 mr (bit el 0s S/o 0mm a Gas chron— 
atographic (gc) analysis showed two components with relative 
peak areas of three to ones, They were separated on, a pxrep- 
arative Gc, using, a 10 fb «column 4( 155 bb. —oxdipnopioni trile 
One eureborick)., aPLrst trececion walreten tion stime «15 umn... col= 
umn temperature 70°, flow rate 60 ml/min was 12 and second 
fraction (retention time 20 min). was 10. Ir and nmr shown 
on Figures 4 and 3 were identical with those previously 


published (35). 


3-Chloro-4-acetoxy-1,5-hexadiene (17), was prepared by the 


methoa or, stogryn. (36). .TlOcasSti Tred Suspension, .or 16 

(lla sd eeleOemol) and CaLCrum ctor lee tZ0 0 0 0. 19 moO Law as 
adaedwacety! chloride (95 q, 1.22 mol) over a period of 45 
minutes. During the addition the temperature was maintained 
below 10°, and the mixture kept under an atmosphere of 


nitrogen. The reaction mixture was stirred for an additional 
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40 hours at room temperature and then heated for one hour 

at 50°, poured onto ice, neutralized with cold aqueous 

sodium bicarbonate and finally extracted several times with 
ether. The ether extracts were combined and dried over 
anhydrous potassium carbonate. The drying agent was filtered 
off and the ether was removed by simple distillation. The 
residue was distilled through a spinning-band column, yield- 


ange.) 322 97) 503) 3 Obpm90=95720enmm ie lie. i SS-95o/19' mm) 


GLewandetrans=2,3-Diviny lOxinanc (lieands)0). 2 a tiiree 


litre three-necked flask, equipped with a mechanicl stirrer, 
dropping funnel and dry-ice cooled receiver, there was 
placed) sedium Nydroxvde (1e0rg, Ss 2enol))) potassium Mmydroxide 
CecUeC maze Oro) Wate ler seg) maologse chy ene at VcOre (2.0 tbls. 
17 (92 g, 0.62 mol) was added dropwise while the temperature 
waS maintained at 40-50° and the pressure at 10-15 mm. The 
Prodauct, as a Mixture wich Wacem, was collected, in a dry 
ice cooled receiver. The layers were separated and aqueous 
layer extracted several times with ether. The extracts were 
combined and dried over anhydrous potassium carbonate. The 
arying "agent was fritered “ott and the etner wasyremoved by 
aistrrlacion through a Vigreux column. “fhe mixture “of 10 
and il was heated at 100° to ensure conversion of il te) 12 


Bd "Cretrivea"to Yield 10 alid@=T2 "(26g 348) (S56). 


Di-3-pinanylborane ._, was prepared by the method of 


Brown (37). In a 50 ml three-necked flask, equipped with 
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condenser, dropping funnel and a rubber septum, to permit 
removal of a sample, there was placed (+)-a-pinene (5.44 g, 
0.04 mol, [a]. =-49' +7") *)-esodnumsporohydride COles 7g, 02015 
mol) and 12 ml of diglyme, which had been distilled tn vacuo 
from lithium aluminum hydride. The flask was immersed in 

an ice bath and kept under a nitrogen atmosphere. Diborane 
was generated by adding freshly distilled boron trifluoride 
etherate, «(2 084-g, "0702 mol) (distilled Wn*vacue irom cal- 
Clum hydride) Stirring and cooling was continued for four 


hours, and di-3-pinanylborane precipitated from the solution 


Resolution of 10. A mixture of 10 (5.10 g, 0.02 mol) and 
Giglyme (5 ml), which had been distilled tn vacuo from 
lithium aluminum hydride, was placed in a 50 ml three-necked 
flask, equipped with a condenser, magnetic stirrer anda 
rubber septum on one neck. The mixture was stirred, cooled 
to -20° and kept under an atmosphere of nitrogen. Di-3-pin- 
anylborane (0.02 mol) in diglyme, was introduced in a drop- 
wise manner with “the “ald sof “a"syringe;y i through the rubber 
septum. After the addition the mixture was kept for one 
hour at -20°, and then allowed to warm gradually over a 
Berto sol sent ce Nnoucs,; “FORO Ss = ePinarly yi tewae ekept -£Or=two 
hours in. an ice’ bath. “Then 5 ml of water was added’ to 
destroy the excess sodium borohydride and the mixture 
distilled from 0-30°/10 mm and the distillate collected 


into a dry-ice receiver. The distillate was a mixture of 
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unreacted 10, some (+)-a-pinene, water and some diglyme. 
The layers were separated and upper layer was dried over 
anhydrous sodium sulphate. Compound 10 was isolated by 
preparative ge, {10 ftecolumn,. 15% Bee t—oxidoproplonitra te. 
on firebrick, at 60°). Gc analysis showed presence of 
about one percent of 12 as the only ampurity-—  heand nmr 
spectra were identical with the racemic 10. The recovered 


nO 2.009, 158.5%) was optically wactive (see Tableny)< 


1,5-Hexadiene-3-0l (18). To dry magnesium turnings (30.5 g, 
re ERS ea aie 

1.0 mol) there was added anhydrous ether (300 ml), a cry- 
stal of iodine and allyl bromide (5 g). “The allyl bromide 
had been shaken with phosphorus pentoxide and distilled 
immediately before using. The reaction was started by 
careful warming and when the refluxing slowed down, allyl 
bromide (75 g, 0.5 mol) in anhydrous ether (1800 ml) was 
added dropwise, at such a rate that steady refluxing was 
Maintained for 4-5 hours. The reaction mixture was kept 
under an atmosphere of nitrogen. After the addition the 
flask was immersed in a water bath and the reaction mixture 
gentivireriuxed fon 50 minures.) Wihevacrolein (20-56 %g, 0.238 
mol) was then added over a period of 30 minutes. Stirring 
was continued for an additional 15 minutes and the mixture 
allowed to stand overnight. Next day, the mixture was 
decomposed with ice and just enough dilute sulphuric acid 


to dissolve the sludge. The aqueous layer was extracted 
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Several times with ether. Ether washings were combined 
and dried over anhydrous potassium carbonate. The drying 
agent was removed by filtration and the volatile products 
and ether were distilled off. Distillation of the residue 
yielded 18 (T9579, 75% Dased on ~acrolein) >2 bp’ £26=-132°/7700 
MUO Ler ss 7 2 beannl (lit. Loo oore/ 7 OO Milt) eer ne int Spectr Um 
in cDcl. showec signals at 7 3.0 —- > .1multiplet,, 1 5¢ 84 
MUatoet, sts ied triplet anda cls Shampesing let.) 1The ante= 


Sroatcronr OL the SPeCCEYrUM daver tne wralloFOoLr oO cb 2s (42 )3. 


1,5-Hexadien-3-yl hydrogen phthalate. tiea O00 mile round 
bottomed flask, equipped with a condenser aad a drying tube, 
were placed 18 (Zia Ga 2 Onl) ja poe nere annvarrde (41.9, 
0.276 mol) and dry pyridine (54 ml). The mixture was kept 
for one hour on a steam-bath and then Boned to stand over- 
night at room temperature. Next day the flask was immersed 
in an ice water bath, ether and water were added, followed 
by concentrated hydrochlori ceacia (5eml)..) sthe solution 

was extracted several times with ether, the ether extracts 
were combined, washed with water and dried over anhydrous 


sodium sulphate. The drying agent was filtered off and the 


ether was removed on a rotatory evaporator. The remaining 
syrup was poured into a solution of sodium carbonate (43 g) 
in water (289 ml). This solution was allowed to stand one 
hour at room temperature and was then extracted with ether. 


The aqueous layer was cooled and acidified with concent-— 
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rated hydrochloric acid (62.5 ml) and extracted several 
times with chloroform. The organic layer was dried over 
anhydrous sodium sulphate. The drying agent was filtered 
off and the chloroform was removed on a rotatory evaporator. 
Thespreduct—consisted of -a sticky syrup-(50\.g, 74%). Ir 

in chloroform showed the following infrared maxima: 3.10- 
SOU M LOG feo. CU 70S), 6 CO MLS )ty Oe EUW) ey LO. LO mCi} e 


POS oO iltpet so ..cUm (W), (20). 


Resolugion or 1 po ohexadien- soy anydrogenspithalate. ol, o- 
Hexadiene-3-hydrogen phthalate (31 g, 0.126 mol) was dis- 


solved in dry acetone (79 ml), which had been distilled 
from phosphorus pentoxide. The solution was heated until 
boiling and brucine (38 g;,, 0096 mol); was added. The hot 
solution was filtered and slow crystallization was allowed 
Eowoccur at. room,temperature, sand thenyplaced’ in a reftrig- 
erator. After a few hours the brucine salt crystallized 
out. Upon four recrystallizations from acetone it was 
decomposed with dilute hydrochloric acid and (+)-1,5-hexa- 
diene-3-yl hydrogen phthalate extracted with ether. After 
removal of the ether, the ester was dissolved in a 3M 
sodium hydroxide and tt) —18 was steam-distilled. The steam- 
distillate was extracted several times with ether, the 
ether extracts were combined and dried over anhydrous potas- 
Sium carbonate. The drying agent was filtered off and 


the ether removed by distillation through a Vigreux column. 
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The product (+)-18 (4 g, 29.6%); bp 130-132/700 mm (lit. 
133-134°/atm. press.) was optically active (see Table XIII), 


(43). 


Reduction of (-)-10. , Lithium aluminum hydride (0.114 g, 


0.003 mol) was dissolved in a dry ether (6 ml) and stirred 
under an atmosphere of nitrogen. Compound (—)-10 (023008G7 
0.003 mol) in dry ether (2 ml) was added dropwise (specific 
rotation cor (=)-10 used, is shown in Table XIII), After the 
addition the mixture was stirred at room temperature for 

an additional three hours. The excess of hydride was de- 
composed by adding wet ether at 0°. The aluminate complex 
was decomposed by the addition of 3M sodium hydroxide at 0°, 
and the solution extracted several times with ether. The 
ether layer was dried over anhydrous sodium SULDIaCO.p we Lae 
Grying agent was filtered off and most of the ether distilled 
through a spinning-band column. Preparative gc was used to 
isolate vagus (6557 CaLOOWax selec EOMOSOrO, ate 10-)... cS 

ir and nmr were identical with the original sample. (For 


SPECEE CeLOtLacLoOn see tables x lit).. 


Hydrogenation “of (t)—)o to >) 19- inva 300 ml ‘three-necked 


flask equipped with condenser, dropping funnel and drying 
tube, were placed CE} oi (2es 0, Geer mol)... SOdLUM azodLcar— 
boxyiere (7.5 q, 0.137 mol) "in metkancl) (220° m1)... The 


Stspenseton wae SbirLed snd vacet Cc mCtda (lo. 2, Over mol) 
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in methanol (137 ml) was added dropwise. After the addition 
the reaction mixture was stirred for 30 minutes and water 
was carefully added until the yellow color disappeared. 

The mixture was extracted several times with pentane. (The 
rest of the alcohol can be recovered by continuous extraction 
by ether). Pentane extracts were combined and dried over 
anhydrous magnesium sulphate. The drying agent was filtered 
off and the pentane was removed by distillation through a 
Vigreux column. The product was purified by short-path 
distillation in vacuo. Nmr, ir and gc retention times were 
identical with those of authentic 3-hexanol. (For specific 


rotation sée Tables xL Lp) y(53)e% 


1-Hexen-4-01 (20) was prepared by the procedure of Gaudemar 


(44). A 500 ml round bottom flask, equipped with mechanical 
stirrer, dropping funnel, condenser and inlet for nitrogen, 
Wasi charced with activatedmzine*.) Avsolution of dry allyl 
bromide (30g, 0.25 mol) in dry tetrahydrofuran (125 ml) was 
prepared and 20 ml of this solution was added to the re- 


action flask. The reaction started spontaneously. The 


30-Mesh zinc had been treated with hot concentrated 
SUPONUTLCLacHd and ay rew CdLOpsv Oli eer Cueeto LOL. 10 
minutes. The solution was decanted and zinc washed with 


water, filtered off and dried. 
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reaction flask was immersed in a cold water bath and the 
temperature was kept at 10° during the addition of the re- 
Mainder of the allyl bromide solution which was added drop- 
wise over a period of two hours. Propionaldehyde (14.5 g, 
0.25 mol) was then introduced dropwise at room temperature 
and the reaction mixture stirred for an additional hour. 
Dilute hydrochloric acid and ice were added and the solution 
was continuously extracted with ether. The organic layer 
was dried over anhydrous potassium carbonate. The drying 
agent was removed and the ether and tetrahydrofuran were 
distilled off through a Vigreux column.) Comoound 20 ikGerg 7 
64% based on propionate) was purified by distillation; 
Bo. 29-1 32°/atm. press. (lit 130-20 7/760) cee e wnmG 
spectrum in Goes displayed signals ate t4.3../78-5. lL multiplet, 
Teo 2eGnintec, stei/. Oo gill oot, Site lca Sn Le ted able 
$.o> multiplet, tO.) triplet wi perhicminteqrat Lone Dat.O 


Ce ree et lat 2 te 


RESO1Ue Long Of 120. It was carried out, following the same 


procedure as outlined for 18. 


HyvovovenalLvon) Ol, (7) 20 CO ha) waco  Colour , 
following the same procedure for the hydrogenation of 
(+)-18 to (-)-19. Reduced product (-)-20 was identified 


by Lts mim and 17. spectra and=sts gc retention time. 


(-)-1,4-Hexanediol (21). was prepared from (-)-20 by the 
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general procedure of Brown for the hydration of double bond 
by the hydroboration reaction (45). Borane in tetrahydro- 
furan (23 ml, 1.34 M) at 0°, was added in a dropwise manner 
to (-)-20 Hivdryictebrahydrofuran £(45) misssavAtter tthe adadswti on, 
the mixture was stirred for 30 minutes at room temperature, 
and the excess borane was decomposed by careful addition of 
wet tetrahydrofuran at 0°. Sodium hydroxide (45 ml, 3 M) 

was then added, followed by the dropwise addition of hydrogen 
peroxide (15 ml, 30%) and the temperature was maintained at 
30-50° throughout this addition. Stirring was continued for 
one hour at room temperature. Solid potassium carbonate 

(40 g) was added, the tetrahydrofuran layer separated and 

the aqueous phase was extracted twice with fresh tetrahydro- 
furan. The extracts were combined and dried over anhydrous 
magnesium sulphate. The drying agent was removed and tetra- 
hydrofuran distilled off. Product (-)- 21 (3.2 g, 90%); 

bp 126—1317/716 mmc (lit. bp: 154-5" 718s5 mm), (54) was, purified 
by distillation. Gc analysis showed the presence of about 


3% of 2,4-hexanediol. The nmr spectrum in D,O showed 


a 
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(-)-2-Ethyltetrahydrofuran (22), was prepared by the pro- 
cedure of Coates (46). p-Toluenesulfonyl chloride (5.16 g, 


On027amet) was stowlytaddedfatt0° }ototarsolutionvo£t 
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(-)-21 (3 g, On) Com Mod janie airy apy rine, (oGeo I) al ne 
reaction mixture was stirred at room temperature until gc 
analysis showed the absence of the starting material. A 
new peak with shorter retention time appeared. Cold water 
was added and the reaction mixture extracted six times with 
pentane. Pentane extracts were combined and washed with 
cold 2N hydrochloric acid and dried over anhydrous magnesium 
sulphate. The pentane was removed by distillation through 
a spinning-band column and the residue purified by short 
Path-distri lation. “Product (-)-22 (0.97 g, 30%) was more 
than 99% pure by gc analysis. Reported bp 108°/758 mm (55). 
The nmr spectrum in cDCc1., displayed peaks at t 6.0-6.5 
pecadenuluiplecty, 1. 100 — 0. /UMOLOddenultipiet, fo, 1 tri p= 


Lee -in=the-integration ratio ofp ls2.1% 


Kinetic studies. In a typical run, a sample of optically 
active 10 (about 1 mmol) was weighed and degassed on a 
vaccum line. It was distilled, under vacuum, into a break- 
seal tube of 30 ml capacity, cooled by liquid nitrogen. The 
tube was sealed off and removed from the vacuum line and 
heated in a constant temperature air-bath. 

At the prescribed timerthe break—seal) was: pulled out 
of the bath and immersed in an ice-water bath to quench the 
reaction. It was sealed on the vacuum line and after the 
vacuum of about 10 microns was achieved the break-seal was 


opened and the content was distilled into a weighed 1 ml 
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volumetric flask attached to ‘the: vacuum line and cooled by 
liquid nitrogen. The content of the volumetric flask was 
allowed to come to room temperature and the flask removed 
from the vacuum line and weighed. 2-Propanol was added up 
to a volume of 1 ml and the weight of the solution was 
accurately measured. Concentrations of 10 in 2-propanol 
were calculated in percentage to avoid volumetric error 
by small volume. 

The solution was then transferred into a polari- 
metric tube (1 ml volume,-1 dcm. long) and the rotation was 
measured at constant temperature. Zero point of the instru- 
ment was taken before each measurement with the pure sol- 
vent at the same temperature and the correction applied. 
Precision of the measurement was + 0.002°. Alli samples 
were analyzed by gc, after the measurement of the rotation 
was carried out. Table XVII shows the experimental data 
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TABLE XVIII 


Experimental Data for the Racemization of 10 at 150.05 + 0.03° 


Sample Time Weight of Weight of 10 S more 
no (eee toe) 10 (gr) + 2-propanol (deg) 
0 0 0.0875 O27781 10... 3:7:,--0 588 
i Jao 0:0 7:95 0.7642 LOMO 200521 
2 hae GoG77% 0.7600 LO, Lome ON S30 
3 10.8 0.0807 0.7576 LO.12s -<0'.354 
4 17.88 050773 O7637 LOSLS -~0.271 
5 25.2 0.0778 0.7715 10.08 -0.185 
6 infinety 0.0818 0277869 10.50 -0.060 


. , 
Optical purity of 10 used for kinetic measurements, was 
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